Peripheral blood mononuclear cells from cattle experimentally infected with Babesia bovis were examined for parasite-specific cell-mediated immune responses. Unfractionated merozoites and soluble and membrane fractions derived from merozoites were all antigenic for imimune cattle, although the membrane fraction was the most stimulatory. Cattle responded to different antigenic fractions in a differential manner, and only that animal immunized with autologous cultured parasites responded to parasitized erythrocyte culture supernatants. Plastic-adherent cells (presumably monocytes/macrophages) were required for a proliferative response to babesial antigens but not to the T-cell mitogen concanavalin A, suggesting that babesial proteins are not simply mitogenic for T cells. Lymphocyte responses directed against a different hemoparasite from Mexico, Babesia bigemina, indicate that this parasite shares cross-reactive T-cell epitopes with B. bovis. These studies define a system whereby T lymphocytes from babesia-immune cattle can be used in proliferation assays to identify babesial merozoite antigens which are immunogenic for T cells. Because identification of helper T-celi epitopes is important for the design of a babesial subunit vaccine which will evoke anamnestic responses, the studies described here provide a basis for such experiments.
Babesiosis is a major hemoparasitic disease of cattle in semitropical regions of the world which results in severe economic losses to the livestock industry. Transmitted by the ixodid tick Boophilus microplus, Babesia bovis infections in susceptible cattle are characterized by fever, anorexia and cachexia, low parasitemia, and a generalized circulatory disturbance which includes sequestration of parasitized erythrocytes in the capillary beds of the brain and lung. Death is often caused by a respiratory distress syndrome associated with massive infiltration of neutrophils and parasitized erythrocytes into the lung capillaries, resulting in vascular permeability and edema (47, 48) . Cytokines released by parasite-activated T cells and monocytes are most likely involved in the pathophysiology of this disease (47, 48) , as has been demonstrated with plasmodium-infected mice (7, 14, 27) .
Animals that survive natural infection, or recover from experimental infection with attenuated parasites, are protected against virulent challenge (3) , and partial immunity against homologous and heterologous challenge can be induced by vaccination with crude parasite extracts (24, 25) and soluble culture-derived exoantigens (18, 28, 39, 42) . However, vaccination with living parasites poses a number of problems, not the least of which is establishment of a carrier state which permits continual babesial transmission. These observations provide the basis for developing a nonlive vaccine for babesiosis.
Although antibody is important in controlling babesial infection (23) , antibody alone cannot account for the patterns of immunity observed in response to infection and challenge with heterologous B. bovis parasites (22) and does not always correlate with protection (41) . In addition to providing B-cell help, T cells are the primary effector cells in * Corresponding author.
protective immunity against many protozoal infections (9, 17, 29, 36, 37, 38) , including Babesia microti infections (33) .
Few published studies have examined the role of T lymphocytes in immunity to Babesia bovis. Timms et al. (43) reported that peripheral blood mononuclear cells (PBMC) from cattle protectively immunized with attenuated live parasites exhibited weak and short-lived proliferative responses to a crude soluble parasite extract. Animals immunized with exoantigen had stronger cell-mediated responses but were less protected upon challenge. However, in both groups of cattle, lymphocyte proliferation and antibody responses correlated with protection when cattle were challenged at different times after vaccination. As a strategy for developing vaccines which would include T-cell epitopes important in the induction of a protective immune response (6) , we (2), using bovine immunoglobulin G (Bio-Rad Laboratories, Richmond, Calif.) as a protein standard. All fractions were stored at -80°C in aliquots.
SDS-PAGE and Western blotting. Sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) was performed as described previously (19) , using a Bio-Rad minigel apparatus, 10% acrylamide gels, and 10 ,ug of protein (consisting of babesial or uninfected erythrocyte antigens) per lane. Immunoblotting onto nitrocellulose was performed as described previously (44) for 1 h at 100 V, using the Bio-Rad Transblot apparatus. Blots were reacted with sera from normal cattle (C99 or preinfection sera) or B. bovis-immune cattle diluted 1:100 in Tris-buffered saline (10 mM Tris, 150 mM NaCl, pH 7.5) containing 1% gelatin, and serologically reactive proteins were detected with a 1:5,000 dilution of alkaline phosphatase-conjugated goat anti-bovine immunoglobulin G (Kirkegaard & Perry Laboratories, Gaithersburg, Md.) and substrates nitroblue tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate (Sigma) as instructed by the manufacturers.
Lymphocyte proliferation assays. PBMC were prepared by Ficoll-Hypaque density gradient centrifugation of blood diluted 1:1 in Alsever's solution (10) . PBMC were tested for reactivity to parasite antigens in a proliferation assay performed for 5, 6 , or 7 days. However, in one experiment, lymphoproliferation was compared in duplicate assays harvested after 3 or 6 days. In another experiment, PBMC (2 x 106 cells per ml in a 25-cm2 flask at 37°C) were allowed to adhere for 2 h to polystyrene, and the nonadherent fraction of the cells was compared with unseparated PBMC for lymphoproliferative responses. For all experiments, cells were cultured in complete medium, which consisted of RPMI 1640 medium containing 25 mM N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid (HEPES; GIBCO) and supplemented with 10% heat-inactivated fetal bovine serum 13 postinfestation, and on day 10 the PCV was reduced by 48%. Parasites were detected in blood films from C97 on days 13 and 14 postinfestation, and on day 13 the PCV fell by 50%. Both animals were treated with Ganaseg. Three months later, C88 and C97 were challenged with an infective tick stabilate, and both animals were solidly immune to challenge. They experienced no reduction in PCV, whereas the nonimmune control animal C110 experienced severe babesiosis with a 57% reduction in PCV on day 14 postinoculation. This animal recovered without treatment.
Serologic responses of B. bovis-infected cattle. All four animals were serologically positive for B. bovis, as determined by indirect immunofluorescence staining of smears of cultured parasites (not shown). Postchallenge sera from all animals reacted on immunoblots with numerous bands present in whole merozoites and soluble and membrane subfractions of merozoites, whereas there was no reactivity against proteins present in uninfected, cultured erythrocytes. Figure 1 is an immunoblot of preimmune (lanes e to h) and postchallenge (lanes a to d) sera of animals C15 (Fig. 1A) and C97 (Fig. 1B) incubated with URBC and B. bovis MER, CM, and HSS. Major protein bands in the MER recognized by C97 antiserum had approximate molecular masses of 42, 60, 85, 120, and 225 kDa (Fig. 1B, lane b) , whereas C15 immune serum reacted most strongly with bands of 42 and 116 kDa (Fig. 1A, lane d) . Several protein bands recognized by immune sera from C15 and C97 were present in both soluble and membrane fractions, including the immunodominant 42-kDa (12, 15) , 60-kDa (12, 40) , and 85-kDa (12) proteins. Serum from normal animal C99 did not react with any babesial protein, and none of the sera reacted with B. bigemina merozoites on immunoblots (data not shown).
Examination of babesia-specific proliferative responses over time. To determine the optimal assay time for babesiaspecific responses, proliferation assays of control (C99) 4 h, harvested, and counted as described in the text. The data shown are for optimal concentrations of URBC or MER antigen in the culture wells, which were as follows: C88, 6.2 ,ug/ml; C97, 25 ,ug/ml; C15, 1.0 to 6.2 ,ug/ml; and C110, 25 ,ug/ml. immune (C97 and C15) PBMC were performed for 3 or 6 days (Table 1) . There was no response to URBC at either day. Little or no reactivity against babesial antigen had occurred by day 3, but strong responses were present by day 6. In contrast, strong responses to the T-cell mitogen ConA were present by day 3. Subsequent assays were conducted for 5 to 7 days.
Immune cattle were monitored for proliferative responses to babesial and control antigens for weeks or months following the last challenge inoculation. Figure 2 presents the responses of PBMC from the four immunized cattle to optimal antigen concentrations of purified merozoites or uninfected erythrocytes on various weeks after challenge. Vigorous proliferative responses to unfractionated merozoites were consistently observed with C15 and C110 PBMC after 10 to 15 weeks postchallenge. Animals C88 and C97 had inconsistent and often undetectable responses to merozoites over time. However, responses to the CM fraction were consistently positive in all immune animals and after 2 years could still be induced in PBMC from animals C97 and C15, which were chosen for prolonged study.
Differential responses of PBMC from babesia-sensitized cattle to different antigenic fractions. PBMC from B. bovisimmune and control cattle were compared for stimulation by different crude preparations of uninfected erythrocytes and B. bovis merozoites. Figure 3 compares proliferation of PBMC from three immune cattle and normal animal C99 against four concentrations of URBC, MER, CM, and HSS fractions. PBMC from all animals were unresponsive to URBC (Fig. 3 ) and soluble and membrane fractions prepared from URBC (not shown). PBMC from all immune cattle responded vigorously to the parasite CM fraction in a dose-dependent manner, with maximal proliferation occurring at a concentration of 25 ,ug of protein per ml. Soluble HSS was weakly stimulatory for C97 PBMC and moderately stimulatory for C110 PBMC, but it induced strong responses in C15 PBMC at the higher concentrations of antigen (5 and 25 ,ug of protein per ml). MER induced intermediate levels of proliferation in C97 and C110 PBMC, in a dose-dependent fashion, whereas the proliferative response of C15 PBMC to MER was routinely highest with the lowest concentration of protein assayed (in this case, 0.2 ,ug/ml). Occasional responses of control C99 lymphocytes to CM or HSS antigen were observed, but these responses were neither consistent nor dose dependent. Nevertheless, the possibility that merozoites contain mitogenic components must be considered.
Effect of indomethacin on parasite-specific responses. We observed large, activated mononuclear cells in cultures of PBMC stimulated with merozoites. This, together with the finding that high concentrations of merozoite antigen had an inhibitory effect on proliferation of C15 PBMC (Fig. 3) , prompted us to test the effect of the prostaglandin E2 (PGE2) inhibitor indomethacin on parasite-induced proliferation. At a final concentration of 0.5 ,ug/ml, indomethacin has been shown to augment interleukin-2 (IL-2) production by bovine T cells (35) . When added to proliferation assays, this concentration of indomethacin enhanced the responses of PBMC from all immune cattle to MER and the CM fraction; an eightfold increase was observed in the proliferation of C97 PBMC to CM with indomethacin (Table 2) . There was less effect on the response to HSS and no effect on the response to URBC.
Inhibitory effect of merozoites. Because the CM fraction from merozoites induced higher levels of proliferation than intact merozoites, the possibility that merozoites were inhibitory or induced a downregulation of a proliferative response was examined. The effect of MER or URBC antigen on ConA-induced blastogenesis of normal and immune PBMC is shown in Fig. 4 . With PBMC from three animals (C99, C97, and C15), there was negligible (5% or less) inhibition of the response to ConA alone when URBC was added with ConA to the assay wells. However, when MER was added with ConA in the assay, inhibition of the ConA response ranged from 46 to 54%. The ConA response of PBMC from the fourth animal (C110) was inhibited 12% by URBC and 34% by MER. The inhibition of the ConA response by MER was evident in 6-day (Fig. 4) tion of 250 ,ug/ml (Fig. 5) . PBMC from animal C15, which was immunized with cultured parasites, were consistently responsive to ISUP and, at a protein concentration of 50 ,ug/ml, incorporated 36,715 ± 3,403 cpm. In contrast, PBMC from cattle infected with tick-derived parasites (C97 and C110) did not respond to the lower antigen concentration and responded only weakly to the higher concentration of ISUP.
Proliferative responses to unrelated B. bigemina merozoites. B. bigemina merozoites also induced proliferation of PBMC Indomethacin was included in the assay. from animals C15 and C97, although these animals were serologically unreactive with this parasite on immunoblots. The response of C15 PBMC was always vigorous to this parasite, whereas the response of C97 PBMC was routinely weaker ( Table 3) .
Role of monocytes/macrophages in the response to babesial antigens. Other protozoan parasites, including Plasmodium falciparum (45, 49) and Theileria parva (1, 11, 30, 31) , have been shown to induce nonspecific lymphocyte proliferation. To examine the possibility that babesial parasites were also mitogenic, PBMC depleted of monocytes by 2 h of adherence to polystyrene (10) were compared with unseparated PBMC for the ability to respond to Babesia antigen or ConA (Table 4 ). Adherent cells were required for a babesia-specific response in both immune animals but not for a mitogenic response to ConA. In undepleted PBMC, both specific and nonspecific responses were markedly enhanced by the addition of indomethacin. However, in monocyte-depleted cells, indomethacin had little effect on the ConA response and no effect on the babesia-specific response. These data suggest that monocytes/macrophages are required as antigen-presenting cells for the induction of lymphocyte blastogenesis to babesial antigens.
DISCUSSION
The results of this study demonstrate that infection of cattle with B. bovis-infected ticks, tick stabilate, or cultured merozoites elicits strong, cell-mediated immune responses to merozoite antigens. All four immunized animals, but not the control animal, responded to parasite antigens in a dose-dependent manner. Animals C15 and C97 have been monitored for 2 years since the last parasite inoculation, and they continue to respond vigorously to parasite antigen. Since both animals received viable parasites upon challenge, these long-lived responses may be due to chronic infection and continual release of parasite antigen or to a memory T-cell response.
When the proliferative responses against crude, subcellular fractions of merozoites were compared, we found that cattle infected with tick-derived parasites preferentially responded to an antigenic fraction enriched in parasite membranes. In contrast, the animal that was inoculated with cultured merozoites responded vigorously to the membraneenriched fraction, the soluble merozoite fraction, and solu- ble culture supernatant antigens. Responses of animals C97 and C110 to the soluble merozoite fraction were weaker, even in the presence of indomethacin, and these cattle did not react significantly with culture supernatant exoantigens. These studies suggest that antigens most immunogenic for T cells, and those which induce an anamnestic response from cattle exposed to babesia-infected ticks, are found in parasite membrane-enriched fractions. Soluble antigens and antigens secreted or shed into the culture supernatant most likely contain some of these membrane-associated proteins, as shown by the reactivity on immunoblots of immune sera with protein bands common to CM and HSS fractions. However, the use of soluble parasite extracts to induce T-cell blastogenesis may explain the weak and short-lived responses in B. bovis-immune cattle observed by Timms and coworkers (43) . Furthermore, the unique response of PBMC from animal C15 to culture supernatant antigens may be directed primarily against cultured merozoite antigens used for immunization. The response of B. bovis-immune PBMC to B. bigemina parasites is likely directed against epitopes shared by the two parasites, and species-common polypeptides have been demonstrated by immunoprecipitation with immune sera (26) . The lack of serological reactivity on immunoblots with C97 and C15 immune sera may reflect a difference in T-and B-cell epitopes on these putative crossreactive proteins.
The optimal time of 5 to 7 days for blastogenesis to occur in response to babesial antigen is consistent with an antigeninduced and not a mitogen-induced response. Furthermore, comparison of proliferative responses from immune and normal cattle indicates that these responses were evoked in an antigen-specific manner, since babesial antigens stimulated little or no proliferation in PBMC from the nonimmune control. Additional evidence for the antigen-specific nature of the proliferative response was demonstrated by the inability of PBMC depleted of plastic-adherent cells to respond to antigen, with no reduction in the response to ConA. Because the majority of monocytes are removed by this procedure (10) , these results indicate that monocytes are required as antigen-presenting cells in the babesia-specific response.
The regulation of lymphocyte proliferation in response to babesial antigens appears quite complex. As well as the apparent requirement for monocytes as accessory or antigen-presenting cells, monocytes appear to inhibit immune responses through the production of PGE2. This autocoid has been shown to play a key role in immune downregulation by inhibiting both IL-1 and IL-2 production (reviewed in references 4 and 8) , possibly through the induction of suppressor T cells (5) . In our studies, the PGE2 inhibitor indomethacin enhanced both babesia-specific and ConA responses but did not reverse the inability of uninfected erythrocyte membranes to stimulate PBMC. An interpretation of these results is that babesial merozoite antigens induce the production of PGE2 by monocytes, which may downregulate IL-1-and IL-2-induced lymphocyte proliferative responses. Our findings are consistent with those of Ruebush and coworkers (34) , who showed that B. microti infection of mice elicited PGE2 synthesis by macrophages, which resulted in suppression of delayed-type hypersensitivity responses to parasite antigens.
Unfractionated merozoites both stimulated proliferation of antigen-primed lymphocytes and inhibited the proliferative response to the T-cell mitogen ConA. This inhibitory effect was observed in the presence or absence of indomethacin, implying that factors in addition to PGE2 are involved in suppressing proliferation. We are exploring the possibility that tumor necrosis factor alpha, released by parasite-activated macrophages, may play a role in downregulating T-cell proliferation. Inhibition of ConA-induced proliferation was not caused by antigen-specific T cells, since PBMC from nonimmune animal C99 were inhibited to the same extent as those from babesia-sensitized animals. Soluble factors produced by T. parva-infected T cells were similarly shown to suppress proliferation of T cells from normal cattle (11) .
These studies provide a foundation for further analyses of the cellular immune response which is undoubtedly involved in protective immunity against Babesia spp. and all hemoparasites. To unravel the complex interactions between host lymphocytes, monocytes, and parasite antigens, defined subpopulations of T cells and biochemically purified or recombinant parasite antigens must be used. Experiments designed to identify T-cell-immunodominant babesial antigens by using functionally characterized babesia-specific T-cell lines and clones are in progress and will be the subject of future publications.
